Calcium Fluoride (CaF2) based luminescent nanoparticles exhibit unique, outstanding luminescent properties, and represent promising candidates as nanoplatforms for theranostic applications. There is an urgent need to facilitate their further development and applications in diagnostics and therapeutics as a novel class of nanotools. Here, in this critical review, we outlined the recent significant progresses made in CaF2-related nanoparticles: Firstly, their physical chemical properties, synthesis chemistry, and nanostructure fabrication are summarized. Secondly, their applications in deep tissue bio-detection, drug delivery, imaging, cell labeling, and therapy are reviewed. The exploration of CaF2-based luminescent nanoparticles as multifunctional nanoscale carriers for imaging-guided therapy is also presented. Finally, we discuss the challenges and opportunities in the development of such CaF2-based platform for future development in regard to its theranostic applications.
Introduction
Optical nanoparticles (NPs) are of vital importance in cutting-edge biomedical applications [1] [2] [3] [4] . The United Nations has acknowledged the role of light in everyday life and the future by proclaiming 2015 the International Year of Light and Light-based Technologies (http://www.light2015.org/home. html). Scientists have put tremendous effort into developing NPs with diverse optical properties for theranostic applications, because of their unique properties and promising advantages in analysis, drug delivery, imaging, and therapy. [5] [6] [7] [8] The development of NP-based imaging and therapy has originated a new term; theranostic nanomedicine. [9] [10] [11] [12] Rare-earth-(RE) doped NPs are particular stars in this category because of the enriched spectral properties of lanthanide ions. [13] [14] [15] [16] [17] [18] Numerous RE-doped NPs, especially NaYF4-related NPs, were synthesized and applied in a wide range of biomedical applications in recent years because of their down/up-conversion luminescence properties. [19] [20] [21] [22] [23] [24] CaF 2 NPs represent another important outstanding luminescent matrix that has made significant progress toward theranostic applications, however, they have not yet received enough attention. CaF 2 is abundant in nature and has been known to mankind for hundreds of years; it possesses unique optical properties and was widely utilized as an outstanding luminescent matrix. In recent years, doped CaF 2 NPs were applied in theranostics such as diagnostic analysis [25] , optical imaging [26, 27] , cell labeling [28] , drug delivery [29] , and tumor therapy [30, 31] , as shown in Figure 1 , however, such important category of nanoparticles was surprisingly underappreciated and the related work was seldom reviewed. Indeed, there is an urgent need to outline the current results to facilitate further developments of CaF2 NPs in theranostics.
Ivyspring
International Publisher Figure 1 . Applications of CaF2-based nanoparticles. In this mini-review, we will introduce the advantages of CaF2 as a luminescent matrix, its synthesis methods, newly developed nanostructures, and theranostic applications. The synthetic chemistry and theranostic applications of CaF2-based up-conversion NPs (UCNPs) are especially emphasized, and include some discussion on photoluminescence of down-converting CaF2:Ce,Tb NPs.
Advantages of calcium fluoride as an optical matrix
Natural fluorite, the mineral form of calcium fluoride, contains natural dopants, which generate a colorful appearance and fluorescence under UV excitation (and sometimes, phosphorescence). From this appearance arises the name, fluorite, which means fluorescent stone. Clear, transparent natural fluorite can be used to produce high-quality lenses in microscopes and telescopes, because of its low chromatic aberration. Fluorite optics are also used in the far-UV range (e.g., UV-C), where conventional glasses are too absorbent. Generally, CaF2 has six main advantages in comparison with other phosphor matrices. (i) The crystal structure of CaF 2 is well-studied. CaF 2 exists naturally as a mineral named fluorite that was known to mankind for hundreds of years. The CaF 2 crystal possesses a well-known cubic structure with a face-centered lattice [space group: Fm3m (225)] and a lattice parameter of a = 5.4355 Å (JCPDS 772096), in which Ca 2+ ions lie at the nodes, while F -ions lie at the centers of the octants (Figure 2  a) . (ii) CaF 2 is optically transparent in a wide spectral range from UV, through the visible, to NIR. The edge of the fundamental absorption band of CaF 2 lies in the vacuum UV at ca. 12 eV, which makes CaF 2 a transparent matrix in the UV-visible-NIR region and makes CaF 2 a unique luminescent matrix in the study of optical properties of luminescent ions [13, [32] [33] [34] [35] [36] [37] [38] . (Table 1) , which makes CaF 2 a unique candidate for a luminescent matrix for lanthanide dopants that offers enriched luminescence properties for cancer diagnosis and therapy. [39] CaF 2 was used as an attractive host for phosphors with interesting up/down-conversion luminescent properties. [40] [41] [42] (iv) CaF 2 is chemically stable and has quite a low solubility product constant, K sp = 3.9 × 10 -11 , which particularly favor for nanocrystal growth; it is highly stable in physiological conditions, even in some harsh acidic conditions. These properties explain why F -is added to commercial toothpastes to prevent dental caries; it is believed that a thin anti-acid CaF 2 coating on the enamel of teeth prevents surface corrosion. (v) CaF 2 is biocompatible. CaF 2 contains no toxic heavy metals and is essential mineral components on the surface of tooth and bones. Thus, good biocompatibility can be expected. Jaque and Speghini's group found no noticeable toxic effect of citrate-capped CaF 2 :Yb,Tm and citrate-capped CaF 2 :Yb,Er NPs to HeLa cells and mesenchymal stem cells over 18 h incubation. [26] Nair and Menon's group demonstrated that both CaF 2 :Eu and citrate-capped CaF 2 :Eu NPs (1 mM) had no obvious cytotoxicity to KB, L929, NIH 3t3, or A431 cell lines in a series of cell viability tests. [43] (vi) CaF 2 is easy to access. Unlike other phosphor matrixes that often contain rare earth metals, such as LaF 3 , YF 3 , NaYF 4 , NaGdF 4 , and NaLuF 4 , calcium containing compounds are easily accessible as it is abundant on earth. Its application could relieve the increasing dependence on precious rare-earth resources in the production of high-quality luminescent NPs. Table 1 . Radii of some alkaline-earth and rare-earth ions.
Synthesis of CaF 2 -based luminescent NPs

Doped CaF 2 NPs
Much is known about the structures and properties of fluorite and its derivative compounds. Fluorite has been known for hundreds of years. Early researches were mainly on its applications in radiometers used to detect human exposure doses of high-energy radiation, such as X-rays, γ-rays, α-particles, or β-particles [33, 35, 38, 44, 45] . The studies on fluorite's nano-counterparts only started in modern times. In 2003, Li's group reported the synthesis of single crystal CaF2 nanocubes through a simple precipitation and hydrothermal procedure with no surfactants [42] . NaF and Ca(NO 3 ) 2 aqueous solution were used as the sources of F -and Ca 2+ , respectively. Amorphous CaF 2 precipitate was formed by mixing the precursor solutions. CaF 2 nanocubes were obtained after 10-20 h of hydrothermal treatment at 120 °C. The X-ray diffraction pattern of the nanocubes indicates a pure face-centered-cubic phase CaF 2 (space group: Fm3m (225)) with lattice constant a = 5.44 Å, consistent with standard JCPDS card no. 772096, as shown in Figure 3 a. The TEM also shows a nanocube morphology with a mean edge length of 350 ± 30 nm (inset of Figure 3 a) (Figure 3 b) . [ 
46]
The as-synthesized UCNPs are able to be transparently dispersed in cyclohexane and present green UC luminescence under 980-nm laser excitation, as shown in Figure 3 c. The UC spectrum shows peaks mainly at 524, 541, and 654 nm that correspond to the 2 (Figure 3 d) . The luminescence was downshifted by doping the NPs with Ce and Tb, while UC was realized by doping with Yb/Er (yellow) or Yb/Tm (blue) (Figure 3 e-g ). An inert undoped CaF2 outer shell was grown on the luminescent doped CaF 2 core to improve the UC intensity; this formed core@shell structures like (CaF 2 :Yb,Er)@CaF 2 and (CaF 2 :Yb,Tm)@CaF 2 . As the size of the core is quite small (Figure 3 h) , the final core@shell NPs were still sub-10 nm (Figure 3 i) , which is difficult to obtain for β-NaYF 4 -based core@shell structures even today. The core@shell structure was confirmed by the high-angle annular dark-field scanning transmission electron microscopy (TEM) image. The white color was caused by the heavy element Yb, while the gray shell arises from the Ca. The phase transition of the CaF 2 nanocubes from cyclohexane to water was realized by a simple NOBF 4 treatment for onward applications. Another progress was reported by Tsang's group, [47] who synthesized CaF 2 UCNPs by using an oleic acid assisted hydrothermal method at 190 °C. This hydrothermal method possesses advantages in that neither N 2 atmosphere nor high-temperature manipulation is needed. The precursor is sealed in the autoclave at room temperature and then put into an oven. However, the hydrothermal reaction is tedious, and it is difficult to obtain a defined core@shell structure with good colloidal dispersibility.
Some other efforts were also made to improve the luminescent properties of CaF2 NPs by co-doping with nonluminescent alkali ions. Chen et al. found that the luminescence of CaF 2 :Ce,Tb can be significantly enhanced by Na + . [25] Zhao et al. systematically studied the influence of alkali ion co-doping on the UC emission of CaF 2 :Yb,Er. [48] They found that the UC emission can be significantly enhanced by alkali ion co-doping following a sequence of Cs + > Rb + > K + > Na + >Li + > non-doping. They assigned the alkali ion sensitization effect to the possible change of environmental structure induced by alkali ion co-doping in the CaF 2 host. Mudring and colleagues reported enhanced luminescence in Li/Na/K co-doped alkaline earth nanofluorides. [49] Generally, monovalent Li/Na/K cations (A + ,) are incorporated (doped) into the divalent CaF 2 (Ca 2+ ) matrix structure so as to compromise/trade-off the additional positive charge of trivalent lanthanide ions (Ln 3+ ). This charge-compensation mechanism was proposed in order to explain the influence of alkali ion doping.
(Doped-CaF 2 )@NaREF 4
The synthesis of CaF 2 has advantages in terms of size control, especially within the sub-10-nm regime. However, its luminescence efficiency is generally very weak due to the small size of the particles. A homogeneous core@shell structure, with the same matrix in both the active core and inert shell, is popularly applied to enhance the luminescence properties of nanoparticles. Interestingly, Zhou and Tsang's group [43] found that the blue/UV UC luminescence of CaF2:Yb,Tm can be significantly enhanced by epitaxial growth of an inert α-NaYF 4 shell layer and further enhanced by an active α-NaYF 4 :Yb shell layer. The size of the core@shell NPs only reached 9.1 nm; here we see a clear benefit of the ultrasmall CaF 2 core. The inert NaYF 4 shell layer can efficiently isolate the Tm emitters in the CaF 2 core from being quenched by the surface quenchers and consequently enhance their UV/blue emissions. A NaYF 4 :Yb active shell can not only block the surface quenching of the luminescent Tm emitters, but also absorb and transfer more excitation energy to the Tm emitters in the CaF 2 core. Thus, further enhancement of the UC emission can be achieved in the core@(active shell) UCNPs. A similar phenomenon was also found in (CaF 2 :Yb,Tm,Ho)@(NaYF 4 :Yb) with white UC luminescence by the same group. [47] Figure 3. (a) XRD of CaF2 nanocubes, the inset is a TEM picture of a single nanocube [42] ; (b) TEM of CaF2:Yb,Er nanocubes and (c) the corresponding upconversion spectra of doped CaF2 vs. cubic NaYF4:Yb,Er [46] ; (d) the optical image of doped CaF2 nanocubes dispersed in cyclohexane and (e) downshifting luminescence spectrum of CaF2:Ce,Tb nanocubes in cyclohexane excited at 280 nm; (f) upconversion spectra of (CaF2:Yb,Er)@CaF2 and (g) (CaF2:Yb,Tm)@CaF2 nanocubes; (h) typical TEM images of CaF2:Yb,Er nanocubes, (i) (CaF2:Yb,Er)@CaF2 and (j) a high-angle annular dark-field scanning TEM image of CaF2:Yb,Er@CaF2 nanocubes synthesized by a hydrothermal method; (d-j) were adopted from ref. [25] . Reproduced by permission of The Royal Society of Chemistry (2003) Similarly, Hao et al. reported heterogeneous (CaF 2 :Yb,Ho)@NaGdF 4 UCNPs with significantly enhanced green UC luminescence. [51] At first, 4-nm CaF 2 :Yb,Ho nanocubes were synthesized by using an oleic acid assisted hydrothermal method (Figure 4 a) . Then, an inert α-NaGdF 4 shell was grown on the CaF 2 :Yb,Ho core to form 17-nm (CaF 2 :Yb,Ho)@NaGdF 4 UCNPs (Figure 4 b) by using a high-temperature organic-phase colloidal synthesis method that is widely used in the synthesis of NaYF 4 -coated UCNPs. The UC luminescence of 4-nm CaF 2 :Yb,Ho is weaker than that of β-NaYF 4 :Yb,Ho (18 nm). The 28-nm (β-NaYF 4 :Yb,Ho)@β-NaYF 4 classic core@shell composition has stronger UC luminescence than β-NaYF 4 :Yb,Ho (Figure 4 c) . Surprisingly, the 17-nm heterogeneous core@shell UCNPs, (CaF 2 :Yb,Ho)@NaGdF 4 , possesses the strongest UC luminescence. Moreover, its size (17 nm) is comparable with that of β-NaYF 4 :Yb,Ho (18 nm) and much smaller than that of the classic (β-NaYF 4 :Yb,Ho)@β-NaYF 4 (28 nm). Since the NaGdF 4 is an inert shell layer, such an impressive enhancement undoubtedly arises from suppression of surface-quenching effects on the surface of the luminescent core. The ultrasmall 4 nm CaF 2 :Yb,Ho will expose most of the sensitizer (Yb) and activator (Ho) to the surface-quenching effects due to their extremely high "surface-to-volume" area. A thick inert shell layer not only eliminates the quenching sites of the core surface but also blocks the outer environmental quenching factors. Furthermore, the ultrasmall CaF2 core can facilitate size control of the final core@shell UCNPs.
(Doped-NaREF 4 )@CaF 2
CaF 2 can not only act as an efficient luminescent matrix, but also an efficient shell layer in the fabrication of efficient luminescent core@shell nanoparticles. Yan's group reported a facile way to achieve ultrasmall (α-NaYF 4 :Yb,Er)@CaF 2 UCNPs with the pristine α-NaYF 4 :Yb,Er NPs. [52] The CaF 2 shell can protect the rare-earth ions from leaking in a simulated physiological environment. The size of α-NaYF 4 :Yb,Er can be easily controlled to within 10 nm (7 nm, For UV UC luminescence, (β-NaYF 4 @Yb,Tm) @β-NaYF 4 was once a classic composition, in which the concentration of Yb was controlled within 20-30%. [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] It is not easy to control the size and morphology of high Yb doping (> 60%) β-phase NPs using common recipe. [64] Such size distortion is possibly due to delayed nucleation kinetics, according to the La Mer model, i.e. slow nucleation with small amount of nuclei followed by fast growth process. In addition, the required high laser power density and the concomitant heat side effects have obviously hindered the applications of such system. To conquer this obstacle, CaF2 UCNPs have been developed as an alternative with high NIR-to-UV efficiency and biocompatibility. First, CaF 2 based matrix has benefits of ideal optical transparency as a traditional used glass material, high crystallizability and negligible lattice mismatch with α-NaYF 4 . Second, CaF 2 -based UCNPs can be synthesized with small size, narrow size distribution along with excellent biocompatibility. To overcome this problem, Han's group found that (α-NaYbF 4 :Tm)@CaF 2 , which contains 99.5% Yb in the core, possesses significantly enhanced UC luminescence in the UV region. [65] The group successfully obtained uniform (α-NaYF 4 :Yb,Tm)@CaF 2 nanocubes by using a high-temperature organic-phase titration method. The nanocubes were 27 nm across, which is comparable with the size of the classic (β-NaYF 4 @30%Yb,0.5%Tm)@β-NaYF 4 composition cubes (Figure 6 a) . A high-angle annular dark-field scanning TEM image of the nanocubes shows a clear core@shell structure with quite narrow size distribution (Figure 6 b) . The UV emission (α-NaYF4:Yb,Tm)@CaF2 gradually increases along with the increasing concentration of Yb-dopant from 30 to 99.5% (Figure 6 c, d) The related UV output in core/shell nanoparticles can be systematically tuned and increased monotonically with the increase of Yb 3+ doping without energy saturation via the increase of Yb concentration up to 99.5%. In comparison with the classic UCNP composition, the UV emission of (α-NaYF 4 :Yb,Tm)@CaF 2 is up to five times higher than that of (β-NaYF 4 @30%Yb,0.5%Tm)@β-NaYF 4 . An NIR-photocleavage application concept was demonstrated based on Han's UCNP nanocubes (Figure 6 e) . Succinimidyl ester-derivatized caged fluorescein was linked to polyethylenimine modified nanocubes. Under 980-nm laser irradiation, the caged model drug (fluorescein) was released. This kind of NIR-triggered drug-release nanoplatform has potential applications in developing traceable, targeted, and controlled drug-delivery systems. ; (e) comparison between the upconversion spectra of (α-NaYF4:Yb,Er)@CaF2 NPs, (β-NaYF4:Yb,Er)@β-NaYF4 NPs, and β-NaYF4:Yb,Er NPs (ca. 30-nm diameter); (f) UC emission spectra and digital photographs (inset) of NaYF4:Yb,Tm and (NaYF4:Yb,Tm)@CaF2 NPs; and (g) NaYF4:Yb,Ho and (NaYF4:Yb,Ho)@CaF2 NPs. Reproduced with permission from ref. [52] . Copyright (2012) John Wiley and Sons. In another report of Han's group, significantly enhanced red UC can be realized in (α-NaYF 4 :Yb,Er)@CaF 2 by increasing the doping concentration of Yb from 20 to 80% (Figure 7a) . [ 
31]
The optimal composition, (α-NaYF 4 :80%Yb,2%Er) @CaF 2 , has a high absolute UC quantum yield of 3.2%, which is 15 times higher than the known optimal β-phase core@shell UCNPs. Further, to increase the spectrum purity, Sun and Yan's group found that a high red/green ratio can be realized in CaF 2 -coated UCNPs by inducing F -/Na + vacancies in the α-NaYF 4 :Yb,Er core. [66] In an optimal composition, (α-Na 0.5 YF 3.5 :20%Yb,2%Er)@CaF 2 , the red emission increased by 450 times compared with that of the α-core. Compared with larger β-NaYF 4 :Yb,Er (50 nm) and stoichiometric (α-NaYF:20%Yb,2%Er)@CaF 2 , (α-Na 0.5 YF 3.5 :20%Yb,2%Er)@CaF 2 possesses the strongest red and overall UC emission (Figure 7 b) . The UC emission from 17-nm (α-Na 0.5 YF 3.5 :20%Yb,2%Er)@CaF 2 is 12 times more intense than that from 26-nm β-core@shell UCNPs.
Some other alkaline earth fluoride phosphor matrixes were also developed as luminescent NPs, such as SrF 2 [67] [68] [69] , BaYF 5 [70] [71] [72] , BaGdF 5 [73] [74] [75] [76] [77] , BaLuF 5 [78] , and KMgF 3 [79] . There is no evidence that these derivatives possess superior luminescence over classic β-NaYF 4 
Theranostic applications of CaF 2 -based luminescent nanoparticles
The combination of nanotechnology and molecular biology has developed into an emerging research field known as nanobiotechnology. [80] A similar term, biomedical nanotechnology, refers to the use of nanotechnology in the medical division. Luminescent NPs with small sizes are of particular interests for imaging-guided drug delivery, cancer diagnosis, and related treatments. To apply nanobased materials in biology and medicine, several conditions must be considered. Firstly, nanomaterials must be designed to interact with proteins and cells and provide limited interference with their normal biological activities. Secondly, the surfaces of the nanomaterials must be easy to post-modify by chemical means, while maintaining their physical properties after surface modification. Finally, the nanomaterials must be bio-friendly and nontoxic. CaF2-based NPs fit most of the criteria and are emerging as dual-purpose nanomaterials for simultaneous diagnosis and therapy, which has given rise to a new term: theranostic agents, which are used for diagnosis and therapy at the same time.
Analysis
For in vitro analysis and bio-sensing, sub-10-nm NPs allow free access to intracellular compartments and better clearance than do nanoparticles of larger size. [81] For this reason, Chen et al. fabricated monodisperse sub-10 nm CaF 2 :Ce,Tb NPs with highly emissive properties, as shown in Figure 8. [25] Upon excitation at 304 nm, the measured absolute quantum yield reached 51±1%. A homogeneous time-resolved fluorescence resonance-energy transfer (TR-FRET) assay was later explored for protein detection to analyze the concentration of biotin and urokinase plasminogen activator receptor (uPAR). Fluorescein isothiocyanate (FITC) and CaF2:Ce,Tb NPs were selected as acceptor and donor labels, as the excitation peak of FITC at 490 nm overlaps with the emission of Tb 3+ at 491 nm. TR-FRET was built in the avidin-biotin and uPAR-ATF pairs. The calibration curve plotted for analyst concentration shows that the TR-FRET signal of FITC/Tb 3+ increases gradually and accordingly with the commencement of analyst concentration. Typically, the uPAR detection limit can go as low as 328 pM, which is comparable to the uPAR level in the serum of cancer patients and thus allows this method to be particular useful in sensitive cancer diagnosis. 
Upconversion imaging
Upconversion NPs can lead to optical conversion efficiencies that are superior to the widely used two-photon-excited fluorophores under low power density excitation source [82] . The typical UC emission of Tm 3+ (800 nm) is in the NIR optical imaging window (Figure 9 a) . Jaque and Speghini's group synthesized CaF 2 :Tm,Yb NPs with 920 to 800 nm UC. [26] The successful cell marking with CaF 2 UCNPs was verified by using a fast multiphoton microscope; upon excitation at 920 nm, with HeLa cancer cells and CaF 2 :Yb,Tm/Er (Figure 9 b) . Later on, two-photon-excited fluorescence intensity was plotted as a function of the tissue thickness in a simulated phantom setup (Figure 9 c-e) . The results also indicate that CaF 2 :Yb,Tm (NIR emission) has superior deep-tissue-imaging ability than CaF 2 :Yb,Er (green emission). Although the total emission intensity drastically decreases with increasing phantom tissue thickness, significant fluorescence signals from CaF 2 :Yb,Tm could still be observed up to a tissue thickness close to 2 mm. This tissue-penetration depth is comparable to the best one achieved so far using two-photon-excited NIR CdTe quantum dots (QDs). This result clearly established that CaF2:Tm,Yb UCNPs are ideal materials for the purpose of deep-tissue bio-imaging. This experiment was based on nude CaF 2 NPs and much-improved deep-tissue-imaging quality can be expected when using core@shell UCNPs, which possess hundreds of times enhanced UC efficiency.
Han's group also reported (α-NaYbF 4 :Tm)@CaF 2 UCNPs with enhanced 975 to 800 nm UC efficiency (Figure 10 a-c). [27] The CaF 2 shell efficiently suppresses surface quenching, to yield a quantum yield as high as 0.6±0.1% under excitation with a low power density of around 0.3 W/cm 2 . These UCNPs possess a small size of 27 nm.Yet, the UC emission of these UCNPs at 800 nm is superior to that of 100-nm β-NaYbF 4 :Tm. High contrast in vitro and in vivo imaging was realized by using these UCNPs, where excitation at around 975 nm and the UC peak at 800 nm are both within the NIR optical transmission window of biological tissues [83] . To explore the suitability of the (α-NaYbF4:Tm)@CaF2 NPs for in vivo deep-tissue imaging, UCNPs was injected into a Balb/c mouse intravenously. The hair on the back of the mouse was removed, and the mouse was imaged for in vivo UC emission at 3 h post-injection by using a CCD camera (Maestro fluorescence imaging system). An intense UC emission can be clearly imaged in the liver, with the peak at around 800 nm; this demonstrated that it is feasible to image and spectrally distinguish the characteristic emission of the NPs (Figure 10 d) . Finally, to explore the possibility of imaging of UC photoluminescence (PL) from a deeper tissue, (α-NaYbF4:Tm)@CaF2 polymeric fibrous mesh was wrapped around a rat femur; the UC emission can penetrate the thick tissue of the operated hind leg, including the femoral bone and surrounding muscle with a total depth of about 16 mm (Figure 10 e, f) . Further, the NP solution in a cuvette can be imaged through 3.2 cm slab of pork tissue, indicating promising imaging potential for deep tissue applications. Figure 10. (a, b) TEM of α-NaYbF4:Tm and (α-NaYbF4:Tm)@CaF2, respectively; (c) UC spectra of 27-nm (α-NaYbF4:Tm)@CaF2 and 100-nm β-NaYbF4:Tm; the inset is the UC picture of (α-NaYbF4:Tm)@CaF2 in hexane; (d) in vivo UC imaging of (α-NaYbF4:Tm)@CaF2 after tail-vein injection; (e, f) deep-tissue imaging of a (α-NaYbF4:Tm)@CaF2 polymeric fibrous mesh wrapped around a rat femur; (e) bright field; (f) UC image. The thickness of the operated hind leg, including the femoral bone and surrounding muscle, is ca. 16 mm. Reproduced with permission from ref. [27] . Copyright (2012) American Chemical Society.
Cell labeling
Cell-based therapies are a major focus in regenerative medicine and tumor therapies. To facilitate the therapeutic treatment during cell therapy, the migration and differentiation of transplanted stem cells must be monitored over a long time window with high spatial resolution. In this regard, NP-based cell labeling is a useful technology [84] . In vivo cell tracking was realized by using magnetic NPs [85, 86] , fluorescent NPs [87] , gold NPs [88] , UCNPs [89] , etc. Traditional optical labeling agents such as organic dyes and fluorescent NPs that emit visible light are hindered by the limited tissue penetration depth. To overcome this obstacle, Han and co-workers used (α-NaYbF4:Tm)@CaF2 UCNPs for rat mesenchymal stem cell (rMSCs) labeling. [28] Surface modification of UCNPs with polycationic macromolecules enables nonspecific endocytosis, and is the most commonly used strategy for shuttling NPs across cell membranes for drug delivery or cell labeling. rMSCS were labeled with UCNPs after exposing to the particles for 4 or 24 h in cell-culture media. UCNP uptake, cytoskeletal actin, and cell nuclei were visualized under a two-photon microscope with 870-nm excitation for Alexa Fluor 488 phalloidin, 980-nm excitation for UCNPs, and 690-nm excitation for 4',6-diamidino-2-phenylindole (DAPI), respectively (Figure 11) . The UC emission was found in nearly all of the rMSCs, which demonstrates that the stem cells were successfully labeled with UCNPs. Finally, the UCNP-labeled rMSCs were allowed to differentiate along the osteogenic and adipogenic lineages upon in vitro induction, which suggests that the UCNP labeling did not remove or hinder these key functions of MSCs. Although the UCNP-labeled rMSCs exhibited less potent osteogenic differentiation than the unlabeled control, the potency of adipogenic differentiation was largely unaffected by UCNP labeling. Taken together, (α-NaYbF4:Tm)@CaF2
NPs have promising applications in cell labeling and in vivo tracking. Figure 11 . Co-localization of UCNP signal with rat mesenchymal stem cell actin and nuclei (labeled with DAPI) following incubation with 50 μg/mL UCNPs for 24 h. Reprinted with permission from ref. [28] . Copyright (2013) IVYSPRING.
Drug delivery
The conventional preparations of suspensions or emulsions suffer certain limitations as drug-delivery vehicles, with drawbacks such as high dose, low availability, and instability; therefore, there is a need to develop novel carriers that meet the ideal requirements of a drug-delivery system. [90] [91] NPs possess many advantages as therapeutic carriers, including the potential to increase drug circulation time, enhance drug solubility, deliver preferentially to target sites, and decrease side effects. [92, 93] NPs with sizes between around 10 and 200 nm can accumulate preferentially in tissues with relatively leaky vasculatures, such as tumors, through the well-known enhanced permeation and retention effect (EPR) [94] . When enriched with UC emission, the nanocarriers will possess diagnostic properties. Thus, a two-in-one theranostic nanoplatform can be prepared [8] .
In this direction, Lin et al. demonstrated a simple, template-free, and one-step strategy for the synthesis of hollow CaF2 spheres with controllable size by using a simple hydrothermal route [95] . The external surface of the as-synthesized CaF 2 hollow nanocomposite consists of numerous randomly aggregated and porous NPs of about 40 nm. When the lanthanide ions Ce 3+ and Tb 3+ were co-doped into the CaF 2 hollow spheres, the composite showed bright green photoluminescence under UV irradiation, with a quantum efficiency as high as 77%. The common painkiller and nonsteroidal anti-inflammatory drug ibuprofen (IBU), was selected as a model drug to study the storage and release properties of this carrier. A degree of IBU loading for CaF2:Ce,Tb hollow spheres of 7.2 wt% was measured by using thermogravimetric analysis. Within 0.5 h the system showed a burst release of about 60% of IBU and the release was completed after 2 h. Generally, this monodispersed CaF2:Ce,Tb hollow spheres can be used to encapsulate small chemical drugs and release them sufficiently, which may find potential applications in the fields of luminescence guided drug delivery and disease therapy.
Multifunctional imaging-guided drug-delivery systems were also developed based on CaF2, while UC imaging was integrated with other imaging modalities, such as magnetic resonance (MR) and computed X-ray tomography (CT) imaging [71, 74, 75, 96, 97] . Zhao and colleagues explored the possibility of using core/shell structured alkali-ion-doped CaF2:Yb,Er UCNPs for dual-modal UC/CT imaging. [48] Doxorubicin (DOX) was loaded and released in a controlled manner for cancer cell treatment in vitro. In a separate work, Lin et al. explored the fabrication of Yb 3+ /Er 3+ /Mn 2+ co-doped hollow CaF 2 nanospheres by a hydrothermal route [29] . The nanospheres exhibit orange UC emission under NIR excitation. This platform offered huge interior space for efficacious storage and delivery of therapeutic drug. Meanwhile, the presence of Mn 2+ and Yb 3+ ions offered enhanced T1-weighted MR and CT imaging. Poly 2-aminoethylmethacrylate (PAMA) hydrochloride was coated onto the surface of the NPs, to facilitate the decorating of the NP with Pt(IV) prodrug via the amide linkage. The IC50 values of Pt(IV) prodrugs, cisplatin, and Pt(IV)-coated UCNPs are calculated to be 18.9, 8.2 and 2.6 μM, respectively. They show that Pt(IV)-coated CaF2 has the strongest inhibition ability to HeLa cells. More importantly, the in vivo anti-tumor tests on small mice also showed that Pt(IV)-coated CaF 2 was superior to the control groups with respect to tumor suppression and reducing side effects to normal tissue. As a result, this nanocomposite combines drug delivery, UC imaging, T1-weighted MR imaging and CT imaging to provide a multifunctional platform for simultaneous tri-modal bioimaging and therapeutic applications.
Photodynamic therapy
Photodynamic therapy (PDT) is a widely recognized technique for cancer treatment in oncological, dermatological, and ophthalmic tissue, due to low cost, excellent efficiency, high drug loading, and minimal extra trauma [98, 99] . A photosensitizer (PS, such as porphyrin, phthalocyanine and their derivatives) is the key component in this treatment in which reactive oxygen species (ROS) species are generated. Upon irradiation at appropriate wavelengths, PS molecules transfer excitation energy to nearby oxygen molecules, generating ROS, which consequently cause oxidative damage to nearby cancer cells. However, most PS molecules, with their huge aromatic cyclic skeleton, are hydrophobic, and this leads to aggregation in aqueous environment and hampers the loading, delivering, and generation of ROS. In addition, most PS molecules absorb strongly in the visible region and are not suitable for deep-tissue in vivo treatment. For these reasons, Yan et al. assembled the core@shell framework with (α-NaGdF4:Yb,Er)@CaF2NPs as the core and PS-covalently grafted mesoporous silica as the shell. [30] Moreover, the multifunctional nanomaterials utilize NIR irradiation at 980 nm to emit luminescence at about 550 and 660 nm; the former is used in fluorescence imaging and the latter is absorbed by the PS molecules to generate singlet oxygen for PDT treatment. In addition, the Gd 3+ ions with paramagnetic properties located in the core provide a potential application as a contrast agent for MRI.
To reduce the potential toxicity of PS, Han et al.
conjugated an FDA-approved PDT prodrug onto the surface of UCNPs for PDT treatment. In contrast to the directly administered FDA-approved photosensitizer Photofrin, low cost 5-aminolevulinic acid (ALA) has unique advantages due to its hydrophilicity, higher selectivity in cancerous cells, and reduced concomitant photosensitivity, which leads to minimal trauma in surrounding tissue. Firstly, the red-emission from (α-NaYF4:Yb,Er)@CaF2 was amplified by adjusting the core Yb ratio from 20 to 98%. By doing so, the red-emission was increased 15 times with an absolute quantum yield of 3.2±0.1%, the highest reported so far (red-emission from UCNPs). [31] The prodrug ALA was conjugated to the UCNPs by means of a covalent hydrazine linkage to avoid possible preleaking of the ALA and thereby increase its bioavailability. Subsequently, with 980-nm light excitation, the optimally red-emitting UCNPs caused the PS to produce singlet oxygen and triggered tumor cell death, as seen through a deep tissue simulation (pork slab) up to 1.2 cm in thickness, both in vitro. Finally, in vivo mice models of tumors when treated with these ALA-UCNPs demonstrated significant size reduction from the controls, even under 12 mm of pork tissue (the greatest depth at which UCNP-PDT was achieved), while clinically used red light could not (Figure 12) . These results provide new opportunities for a variety of applications using upconverting red radiation in photonics and biophotonics using bio-friendly CaF2.
Conclusion and perspective
In sum, CaF 2 based luminescence NPs, possess numerous unique chemical and physical properties, i.e., superior brightness, optically transparent, apt for doping, chemically stable, biocompatible, and easy to access. To date, CaF 2 -based NPs, especially the heterogeneous core@ shell ones, have shown their promises in numerous aspects in the field of theranostic such as analysis, deep tissue imaging, cell labeling, drug delivery, and photodynamic therapy.
Although much progress has been made, many hurdles still remain to be overcome. For example, (1) certain strategies that utilize alternative sensitizers [100] , or dye antennae [101] have been developed to boost the quantum efficiency and tailor the excitation wavelengths of conventional NaYF4 based UCNPs. However, these approaches have not yet been able to be implemented into CaF 2 based nanoparticles. (2) Effective urinary excretion and the body elimination require the nanoparticle size be smaller than 5 nm. Therefore, the novel synthesis of ultrasmall CaF 2 based nanoparticles that emit strong luminescence is also greatly needed (3). Their potential in vivo toxicity also needs to be further investigated. Systemic exploration of imaging performance and drug-delivery properties such as uptake, release rate, and toxicity will offer new insights for further optimizing these nanoplatforms.
Overall, although they are still under development, these CaF2 based nanoparticles will provide a new set of tools that researchers can utilize from the level of a cell up to the entire animal. Ultimately, these materials may result in important new insights and therapies that are clinical relevant and currently limited by other nanomaterials. 
